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ABSTRACT 

A review of retiaarch ralateu to liquid 
coolinq or gai turbines nas been conducted 
and an assessaent of tne state-of-tha-art 
and tuture requiraeents has been aade. 
Various sethods of liquid cooling 
turbines are reviewed. Pxaaples and 
results with test and 1 aaonstrator 
turbines utilizing thesa aetnods along 
with the alvantagas anl disadvantages of 
the various aethods are discussed. The 
■ore significant research, design data, 
correlations, and analytical aetnods are 
■entioned and voids in technology are 
suaaar ized. 



TIU NAJOP ADVANCE1ENIS and applications in 
cooled gas turbina engines to date have 
been with direct air cooling of the hot 
section parts. Tnis has been due to the 
doainaut influencw of aircraft gas 
turbines wherein tir cooling aas been aore 
practical, nechanical coapleiities 
associated with liquid cooling systeas 
along with inadequate heat transfer and 
coolant tlow lata have contributed to the 
lag in its application to gas turbines. 

The aain advantage of liguid-cooling 
is the potential to aaiitain low aetal 
teaperatures with high gas tea perat urea. 
This could be iaportant to turbine hot 
section life particularly by 
corrosion-erosion, if the heavier, 
ash-bearing fuels are used. 

The recent concern with our liaited 
petroleua supply and tha desire to reduce 
fuel consuaption have rehindled interest 
in liquid coolinc which will perait higher 
■aiiaua gas teaperatures resulting in 
greater cycle efficiencies and higher 
specific work outputs. The coabined gas 
turbine- steaa cycle burning seai-clean 
fuel was shown to have one of the lowest 
cost per unit of electricity when coapared 
to several other eethols of generating 
electricity in (1|**. The analyses in (2) 
and (3) show the potential benefits of 
using water cooled turbines in electric 
utility applications. Tne coabined gas 
turbi ne- steaa cycles studied in the 
references used water coaled gas turbines 
and had higher theraal efficiencies and 
specific power outputs than those with 


current or advanced air-cooled gas 
turbines. The resultant potential 
benefits are conservation of fuel usage, 
greater flexibility in the fuel used, and 
reductions in the cost of electricity, 
laproveaents in fabrication technology and 
non-destructive inspection techniques have 
added to the interest. 

As a consequence of this renewed 
interest, a review of research related to 
liquid cooling of gas turbines has been 
conducted. Methods and inforaation 
reviewed are aore applicable to 
ground-based turbines such as those 
intended for electric utility peaking or 
coabined cycle use. This is because 
engine weight and design considerations to 
incorporate liquid cooling into 
ground-based applications are less 
critical than in aircraft applications. 

Tha inforaation contaiiad in this report, 
however, is generally applicable to other 
gas turbines. Tha report reviews and 
discusses liquid cooling aethods and 
systeas for turbines and results froa 
deaon strator-turbi 1 es that have been built 
and tested. An assessaent of the 
state-of-the-art and future requireaents 
has been aade. Although parsonal inquiries 
on research and technology were aade as 
late as aid-year 1^77, tha survey herein 
includes only available inforaation 
published prior to that tiae. 


REVIEW OF FAST EFFORTS 


In this section liquid cooling 
scheaes that have been tried or proposed 
will be reviewed. Riga or turbines that 
have been built and tasted to evaluate the 
feasibility of these scheaes will be 
discussed concurrently. Rotor blade 
cooling will be eiphasizad because it is 
considered to be the aost difficult 
problea; for coapletenass, liquid cooled 
stator tests will be discussed. 

FORCED CONVECTION - Siaple forced 
convection is the first aethod to be 


*Propulsion Laboratory, U.s. Aray RST 
Laboratories (AVRADCON). 

**Nuabers in parentheses designate 
references at end of paper. 
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discusspri ind is showr scheiatically In 
fiqure 1. Uat«c is taken on board the 
rotating turbine wti»el turouqn a seal, 
saves radially outnard alon<j the disk, and 
then circulates thraujh cooling passages 
in the blade. The caolint than aoves 
radially inward alonq tna disk and exits 
throuqh another seal. In this case 
"forced convection" is actually a 
Bisnoaer; because or ths large body force 
acting on the tensity titfarence between 
fluid iu the cold, Ir.lat tuoe and the hot, 
outlet tube tne flow is driven by natural 
convection. Theoretically aost liguids 
can be considered as coolants with this 
systea; however, water or steaa are 
probably the only praccicil choices due to 
possible leakage and giantities required. 
The aain aivantaga of tha forced 
convection coolini schaee is its ability 
to obtain lowar blade tespacatures than 
any of cne other lliuLd cooling systees. 
Soae other advantages of this systea are 
sieplicity and easy recovery of spent 
coolant thus aaking possible the recovery 
of waste heat. Tha aali disadvantage of 
this systee is tha high coolant pressure 
within the blade due to tha rotation if 
dense liguids such as water are used. For 
a typical, large, grouni-based, electric 
utility gas turbln; witn a diacwter of 
2.07 aetars (6.6 ft) turning at J6CC RPN 
the pressure at tna tip of the blade would 
be over 75.9 a-Pascals ( 1 1 000 psi) . 
Another disadvanta ge of this scheae is 
that foreign eatter in tna coolant could 
be centrifuged to the blade tips and block 
cooling passages. 

Several liguLd cooling daaonstrators 
have used forced convection syatoas. An 
eluainuB forced convection water cooled 
turbine blade was tasted at the NACA Lewis 
Flight Propulsion Laboratory. This work 
is described by Kottas and Shaflin (4), 
Bartoo and Freche (5) , Freche and Diaguila 
(6), and Ellarbrock (7|. in operation, 
water was pusped out tvo radial passages 
nearest tha leading edge an 1 near the 
biade tip drilled cross-over passages 
conducted the water to two radial trailing 
edge passages. The spant cooling water 
was taken off the rotor through axial 
discharge holes in the disk near the blade 
hub. Blade teapeiaturas were xapt 
eitreaaiy low; tha hiphast aeasured 
tasperatura was 470 K (386* F) . The 
aaxiauB turbine inlet gss teeperature was 
1422 K (2100» F) . Tha saill nuaber of 
relatively large cooling passages led to 
high therasl gradients. 

A forced convection cooling scbeie 
sisilir to the schaiatLc shown in figure 1 
was used in an engine built by the Solar 
Aircraft Coepany. This work is described 
by Alpert et al. (B) , Alpwrt (9), and 
Alpert et al. (10). The blade was sade 
froa a low alloy stewl with drilled ladial 
cooling passages wbico were sealed at the 
tip by a welded tip cap. Teeperatuces in 


highly stressed ragions were saintainad 
below 700 K (0OO*F) with peak teaperaturas 
less than 867 K (1100° F) while cooling 
water was kept less than 367 K (200° F) . 
Turbine inlet teaperature was 122B K 
(1750® P) at 4.87:1 cvarall pressure 
ratio. Tha large aaount of heat reaoved 
froB the cycle by tha cooling water 
lowered efficiency by an sstiBatad 20 
percent. The watar cooling scheae was 
succassfully deaonstrated but blade tip 
cap failuras indicated isproved 
fabrication and inspection techni gues were 
requi rad. 

A variation of the forced convection 
cooling scheae is shown in fiqure 2, this 
is forced convection with tip ejection and 
collection. Coolant is taken on board the 
wheel through a seal or other aeans and 
after cooling the blade is ejected at the 
tip. Soae •>* the water in the blade can 
be allowed to vaporize thus taking 
advantage of the heat of vaporization to 
lower coolant flow requi raaents. At tha 
stationary shroud a collector catches tha 
unvaporized water that is slung froa tha 
blade tip. The ejected steaa enters the 
gas streaa. Advantages of this systea are 
the low coolant passage pressure, lower 
potential for cooling p:sc*ge clogging 
because of tip ejection and lower watec 
consuaption. Other advantages are 
potential recovery of waste heat froa the 
collected coolant, and the alleination of 
one of the rotary seals. Disadvantage* 
include: erosion of stationary shroud froa 
water droplets, work required to punp 
coolant JroB a low to a high radius, 
erosion of downstreaa stages froe 
uncollected witar drops, and lowering of 
tha gas teaperature entering downstreaa 
stages due to aizing of steaa and 
uncollected water. Tha aost difficult 
problea of these eay ba erosion by high 
velocity vater droplets. 

This cooling concept was used by 
General Electric and is described by Anon. 
(3), Kyld and Day (11), and Perugi (12). 
This systea was designel to be used in a 
coabined gas turbine-steaa cycle for 
generating alectrlcity froa coal derived 
fuels. Cooling watar is sprayed froa 
stationary nozzles into a rotating gutter 
at the blade base, this eliainates the 
need for a rotary seal. Froa tha rotating 
gutter the cooling watar is routed into 
tha cooling passages ia the blade. 

Cooling water flow is controlled by a 
systaa of weirs at tha base of the blade; 
this is described in detail by Kydd (13), 
noora (14) and Grondahl and Eskesan (15). 
Froa the blade cooling passages water than 
enters a aanifold ind izits at the blade 
tip through a nozzle. The flow rate is 
low enough that soae of tha water 
evaporates and entats the gas streaa as 
steas. Soaa of ths rasaining watar is 
supposed to be caught sod collected by 
slot in the stationary casing. This 
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C33li coac'^^it, tiQus thw collection 
levice, hid bean sucosstully tested to 
t ea i'or at ur id as bi^h a< 14i0 K (iHSO* f| 
at 16 ateospheccs lu i ca (9.7 inch) 

Jiaaetej d aaor.st cat oi tarbine. Llaited 
basic heat-trinsf ar ant etrosion research 
alael at solving trte Lnh«raht probleas in 
this concept is being oadacted at general 
Electric. Soae ot these results are 
report el in ( In) . 

riihRHJS Y PHON - Tha t h 3 r ausy pSoii is a 
device in uhich h«at la transportel by a 
aovlog cluli, the tluil aotior being 
cause 1 by a density difference in a body 
force- tiell. In tne case of tne turbine 
Mheol, the boly tire* field is the 
centrifugal force field caused by 
rotation, and is pLO(ortional to the 
product of the radius anl the s|uace o* 
rotational speel. Thii can be as high as 
20,000 )'s for a typical turbine; thus, 
there is a large (.stentlil for natural 
convection heat tcinstir. The 
theraosyphon can b» cliisified into three 
basic types; the clcsel th*raosyphon, the 
open t heraosy phon, and the close! loop 
theraosy phon. 

wL^Sfi-£itS£lifiXel)3a - The closed 
thersosyphen is illustrated in tigure 3(a) 
in a turbine application. The 
t her sosy phons ton the cooling passages in 
the blade, each cooling passaie is a 
closed tube vitn the pnaacy heat transfer 
aedia (liquid or las or both) sealed 
insile. Priaary coolant n-oar the tube 
vail IS heated in the blade cooling 
passage. This hot, less dense, coolant 
then flovs invard tovarl the cool end 
being displaced by coH, aore dense tluil 
troB rhe heat exchanger. This process is 
illustrated in tijire 3(h). la the heat 
exchanger end of tne tube, heat in reaovad 
froa the priaary tluid near the tube vail. 
This cool, aore d*nsa flail aoves outvarl 
tovard the heatvl end. In the region 
betveen the heat uxchanier and blade 
cooling passage )iot and cold fluid 
interact. Hot fluid floving ii. annular 
type tlov lu the cooling passage aust find 
its vay to the cenlril cora in the heat 
eichaiqer end and vice versa tor the coll 
tluid in the heat excbinger. Several 
possible sechanissB tor this transfer 
eiist but turbulent siiing is probably the 
doaiaant eode. A secondary coolant 
reaoves heat true tha aatt exchanger and 
carries it avay. The sacoudary coolant 
could he vater that is externally 
supplied, the fuel uswd (or coabustion, or 
it could be coaprassor liscaarge air. 

Another typa of closed theraosyphon 
is the tvo phase thersosyphon or vapor 
chasber. Tha construction is siailar to 
the ordinary close! tharaoavphon but the 
chasber is only partially tilled vith 
vockinq tluid. At the design condition 
the Morking fluid is vapocited in the 
blade cooling passage and recondanses at 
the coolad, heat-exchangar aad. 


Condensate runs outvarl in a tils froa the 
condenser end tovard thv heated end thus 
cooling the blade. 

The closed theisoayphon has tue 
advantage ot being coapletely sealed thus 
clogging by torkigu natter is no^ a 
probles, also coolant pre:isure vithir. the 
blades can oe aiintained lover than tor 
suse other systess. Tha choice of triaaiy 
vorking fluid it> not Unite t as vith other 
systess, thus liquid aitals or boiling anl 
condensin) lijuids vith thair excellent 
heat transfer character! st ics ran be 
consile.ed. 3n the negative side, sliould 
a crack in the blade aaterial develop, 
priaary coolant can be lost and coaling 
•ill no longei tak» place. The closed 
thersosy phou systt'a requires a prisury lO 
secohlary coolant heat exchanger. It say 
be difficult to tint aoequate space on the 
turbine whoei ter this and it say also be 
costly. It the vorking fluid and the 
theiBOsyphon vail laterial are not 
cjapitable, corfoaion coul>> cause cloiulng 
or iapede efficiency for ling ters 
oper at ion. 

In the early i'^'s Jsneral *'lectiic 
deaonstrated a liquid aetul cooled turbine 
rotor as repotted by 3uciu (17). )iot such 
inforsation iu available auout this eork. 
All that is knovr is that the blade vas 
run at gas teaperatuiea over 147H r (<:^00“ 
P) anl eas cooled by closed t be rsos y q'hons 
partially tilled vith liquid eetal. Heat 
eas extracted at tae blade base by an air 
heat exchanger. It was reported that heat 
tlui at the leading e Iga vis increased by 
a factor of 4 over air cooling. 

denot anl Lelrivea (19), and LrGrlves 
and denot (19) found sixilar results in a 
rotating rig vith a liquid eetal closed 
theriosyqhon and conclude! that the closel 
theisosyqhon could cospeta vith tils 
cooling as a viable cooling schese for 
aircraft engines. 

2i>Sa_Il)Sil28lCll2a * The open 
thersosyqhon systes is shovn in figure 
4(a) vhile figure 4(b) shoes a 
cross-section ot i singla cooling passage. 
Coolant enters a cavity ot reservoir at 
the base of the blade. Cooling passages 
in the blade are open to this reservoir 
and the tresh, sore dense coolant in the 
reservoir displaces tha hot fluid it. the 
cooliug qiessages. The hot fluid Iros the 
Made then sixes vith the fluid in the 
reservoir vhich is continually drained oft 
and replaced vitn cool tluid fros the 
inlet. 

Advantages of this systee are its 
sispliclty uni that no heat exchanger is 
required. Fluid pressure at the blade tip 
is a functioi. of tae location of thr free 
surface in the leaerxolr thus presruies 
vithin the blade can ba lover than for 
other systess. A disadvantage of the open 
thersosyphon is that Loreign natter in the 
coolant can collect at the blade tips 
because the cooling passages are blind 
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h3l«s. If tb« l*a9th-t3>(U«aet«r-ratio of 
tb« thoraosyphon ii too Lary* parforaanca 
alii sutfar dua ta tha growth and aiiiaq 
of tha boundary layars of hot and cold 
fluids flowing in opposita diractiona. 

in opan thcraosypaon coolad tucbina 
was disignad by Schaidt luring World War 
II in Garaany. Twst rasults on this 
turbine ara rwportad by Saith and Paa-raon 

(20) . Tha turbint oparital tor about 50 
hours at Uf* K (2000" P) ml achiavad 2 
hours running at 15IJ X (2300" P) . Tha 
inlat pressure was only 1.2 ataospharas 
which aaanc a ralitiwely low heat load 
coaparad to a aodarn turbine. A four 
stage turbine tabricataJ in Garaany was 
tatan to England and tasted after tha war. 
Rasults of tha test ara giwen by Robinson 

(21) and tha operitioc is described by 
Schailt (22). Several problaas dawaloped 
during tasting. fha Irua and bladas wars 
aachincd fcoa low alloy steal and were 
subjectad to corrosion f roa tha water 
coolant. When tasting was coaplattl 
several cooling ptssagas had bean corrocad 
coaplately through and aost of tha cooling 
passages wars blocked with iron oiida. 

Tha turbine was tested to 923 R (1202" P) 
but was only able to achieve 61 percent of 
design spaed due to vibration. Tha source 
of vibration is not known but was 
speculated to be caused by boiling in the 
cooling passages or instabilities in tha 
water ring which foraad tha reservoir at 
tha blade base. 

An open theraosyphon, water coolad 
turbine blade was tasted at tha HACA Lewis 
Plight Propulsion Labratory. Results of 
tha work ara reported by Bartoo and Pracha 
(5), Pracha and Diaguilia (6), Pllwrbrock 
(7), Pracha (23), Pracha and Schua (24), 
Curran and Zalabak (25). The aaiiaua gaa 
taaparatura of 1222 K (1740" P) resulted 
in an average blade taaparatura of 450 R 
(350" P) and a aaiiaue aaasurad blade 
blade taaparatura of 739 K (070* P) at the 
trailing edge. It was found that 
increasing coolant flow could lower 
average blade teaparatura but not aailaua 
taaparatura. An iaprovsaant in cooling 
af fact iv anaas of passages with large 
length- to-dia aatar-ra ti o was obtained whan 
they ware conaactad by tip cross-over 
passagas to cooling passages with saallar 
langth-to-diaaater-ratio as reported by 
Zalabak and Curran (26). This arrangaaant 
let cool fluid froa tha larger diaaatar 
passage flow unidi ractiona 1 ly down the 
saall passage; tha probles of hot and 
cold fluid flowing in opposita directions 
and ailing in long thin passagas was 
relieved in this aannar. This arrangaaant 
night be called an open loop theraosyphon. 
Tha open loop theraosyphon saaas to be tha 
aost practical of tha open theraosyphon 
configurations; however, no other known 
research has bean conducted. 

&iAJli.lifiafi.lklEI2iZBllU - The third 


type of theraosyphon is the closed loop 
theraosyphon shown on figure 5(a) in a 
possible turbine blade cooling 
configuration. Details of tha blade 
cooling passages and heat aichanger are 
depicted on figure 5(b). Instead of 
coolant flowing in two directions 
siaultaneousl y in the cooling passages as 
in tha closed or open tharaosyphons, flow 
is in one direction in aach passage. 

Cool, aore dense fluid novas radially 
outward through tha large central feed 
passages ana is then aanifolded at the tip 
to flow radially inward through the snail 
cooling passages around the perineter of 
tha blade. Heated fluid in the cooling 
passages then nov'es inward to a heat 
aichanger and is cooled by a secondary 
coolant. 

The closed loop tnaraosyphcn has the 
sane advantages and disadvantages as tha 
closed theraosyphon. However, because 
flow is unidirectional in all the 
passages, such longer passages can be 
utilized. Long, thin passages nay be 
necessary in the turbine application to 
ainiaize tharnal gradients. 

A closed loop theraosyphon cooling 
scheae was deaonstrated in an engine 
designed to run at 1533 X (2300" P) by the 
Continental Aviation and Engineering 
Corporation. Tha work is descrioed by 
Gabel (27), Gabel and Tabbey (28), and 
Johnson (29). The priaary coolant used 
was st'^aa and the secondary coolant was 
fuel. The heat reaoved froa the blades 
was thus added back to the cycle through 
the fuel. Several hundred hours of 
elevated teaperature testing were 
accoaplishad with a aaiiaua teaperature of 
1617 R (2450* P). Twenty-one hours were 
accuaulated above 1u22 R (2100" P« . Vhen 
the gas teapetature was 1417 R (2090" P) , 
blade teaparatures wera aeasured to be 
between 850 R (1070" P| and 1072 R (1470* 
P) . Several blade failures were 
encountered; the causa of the blade 
failures was believed to be loss of 
priaary coolant through cracks in bladas 
or welds. Better non-destructive testing 
procedures night have aliniaated this 
problen. 

OTHER NETHOOS OP LIQIIID COOLIIG - A 
different approach to using liquid to 
allow operation at higher turbine inlet 
teaperatures is to lowar the teaperature 
of tha conpeeasor discharge air used for 
turbine cooling. Pigure 6 shows two 
proposed nathods of accoapl ishing this. 

In figure 6(a) coapressor discharge air 
used for cooling hot section coaponents ia 
paasad through a heat aichaager where it 
gives up heat to a secondary liquid 
coolant. The cooled cooling air then goes 
to conventional air coolad vanes and 
blades. Advantages of this nethod are 
that state-of-the-art hardware can be 
used, high liquid coolant pressures and 
tha potaatial for erosion by liquid are 
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av3ll4i. H lay b« to use fuel 

to cool the cooling air thus the heat 
ceaoved froe the rooliau air could be 
added bacK to the ^as turbine cycle 
directly. It other liquids are used it is 
possible that heat ceaoveu froa the 
cooling air by the li^Jid could b«. used 
elsewhere in the cycle. The aain 
disadvatita )e is the ante I coeplexity and 
cost ot the heat *tci.an)ar. 

Sdwarts (iO) lesciibel the syster 
shown in tigure b(b) . In t.iis systee 
ii]ui1 water is sprayed iiractly into the 
hot cooiini air; the wjtur *apoti/es and 
cools the cooling air. t'jwards states 
that Dy injecting 10 turcenc water into 
the cooling air tna teiparaturc could be 
reduced troa 700 t (H00>* r| to huO h (il2® 
f). This could allow turbine inlet 
teiperatura to be incraast 1 by about 100 K 
(110 . The obvious advantage ot this 

sy&'aa is the eliaination of a costly heat 
exc ban s'«f . A disaJvar.ta ;e is that 
■inerals in the water could clog seall 
cooling passages or fils cooling holes. 

doodyar and aateistou (i1) proposed 
the addition oi water slst to cooling air 
to increase its cooling capacity as well 
as lower its tespwratur a. They aeasured 
heat transfer coeftirients at an is pinging 
air/water list. The addition of 6 percent 
water by weight doubled the heat transfer 
coetticient of an iipinging air jet. 

The spray cooling scheme was 
investigated and reported by Prechw and 
PcKlhiion (12), rracha and icKinnon (3d), 
Jurte and Reaeny (dh), Rreche and llickel 
(3S), and IcKlnnon and freche (3b). In 
this scheie, water Is sprayed from 
stationary nozzles or nozzles in the 
rotating blade bases onto the exterior of 
the rotat'.ng blades; the evaporation of 
eater cools the blade surface. The cyclic 
application ot the water spray cooling 
technique caused ahermal shock failure ot 
the blades. The large guautities of water 
required make the systaa impractical for 
steady state use. 

"Sweat cooling" utilizes a liquid 
coolant that seeps out through pores In 
the blade wall anl evaporates fios the 
blade surface. In order to control 
coolant flow distribution and flow cates, 
vary fine pores would be reguirei in the 
blade. Thesw would be subjected to 
clogging from foreign aattei in the 
coolant as well as plugging from 
corrosion. Sweat cooling has not been 
tried in a turbine application. 

STATOR COOLIN:; - Tests ot a water 
cooled stator are reported by Kreche and 
Dlaqulla (6). Thw cooling scheae 
consisted of five radial holes along the 
casber line. The only pcoblee was that of 
high trailing edge teepee at uces. The 
large spacing of the coolant holes was 
probably the cause ot these high local 
teeperatures. 




lay ()7) and (3b) used a static 
cascade to t>»st a forced convecticn cooled 
lotor blade. The cooling scheee consisted 
of u drilled hoi«s connectel by a eanitold 
at the blade tip. An organic tluid was 
used as the coolant; this allowed 
operation at coolant taaparaturef ot up to 
673 K (152® F) at 1.11 a-pascals (161 psi) 
without boilir. ) in tt.e nasmage. Tht 
eaiieua turbine mitt taaperatuce rrsted 
was 157J K (2372® p) . The aaximua 
eeasureo blade teapwiatare was 1013 K 
( 1 304® P) at the trailing od ge. Thereal 
gradients were very uigh • this was again 
due to the large spacing ot the cooling 
holes. 

Stappenbeck and loskowitz (39) teste I 
liquid Bttal cooled stator vanea- »n 
air-llguid eetal neat exchanger wvs 
included in the coolant loop to s.eulate 
recuperative heating ot coepresscr 
discharge air. A eaxieua gas teiperature 
ot 19“a K (2950® K) was achieve 1 with no 
tail'iies; however, total test duration 
was short. Current technology liguid 
eetal pueps wet* tourl to be heavy and 
CUB ber soee. 


TtCMNOLOdT REOUIPEP 


Betore the design and optimisation of 
liquiu cooled turbines can become a 
St at e-o i -t he-ar t process, a becter 
understanninq ot the basic hoat transfer 
and fluid flc* eechanlsms sust be 
obtained. As sem. lu che previous 
section, there havi been numerous liquid 
cooling deeonst cat i ons ; however, these 
desonstr ators were designed with little 
knowledge ot the basic eechanises 
involvel. A review tf basic heat transfer 
and fluid flow lata that is applicable to 
liquid cooling ot the gas turbine has bean 
■ade in (40). The reference presents eany 
of the Bore significant curves and 
correlations that sueeacize prediction 
capabilities, trends and technology 
available. This reviav ot liquid cooling 
literature has pointed out the lacli of 
basic data and unlarstan Jinq ot heat 
transfer, pressure drop, critical heat 
flux, and flow stability in the cooling 
passaqes of a rotating turbine blaae. In 
this section, areas of research required 
to advance our understanding of these 
processes are outlined. 

Additianal experleental heat transfer 
and flow data eust be obtained and 
correlations and prediction eethods 
developed for single and two phase flow 
particularly under high centrifugal 
accelerations. Soae two phase heat 
transfer data on stationary tubes. 

United pool boiling data to about 475-g's 
and single phase flows in a rotating tube 
up to 5000-g's are available; however. It 
is not known if these lata can be 
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succtssfully ippliel to rotatla>j systeis 
vhece C0ntritu<]al accelaratioos say raach 
20,00C-^*s an4 wnaca lar^a Corlolit> forcas 
ace also present. Iheca are no data for 
floe towarl the axis of rotation, only for 
radial outfloe. Inforaation is also 
needed on the effect of non-unifore 
passage heating and hi.jh centrifu^jal 
accelerations on critical heat flux. The 
inforaation that is available is sparse 
and only for non-rotatia conditions. 

Pool boilinq critical flu. data are 
available for accelerations to 5000-g's. 

NO forced convection bollinq critical flux 
data ate available at hi^n accelerations 
or with Coriolis forces. The effect of 
large accelerations on floe stability in 
boiling channels is also unknown. 

Research eust also be conducted to 
detereine the distribution of coolant 
phases in li|uid-vipor systeas. 

Centrifugal and Coriolis forces eay cause 
soae of the cooling passages to becose 
liguid starved thus causing local 
overheating of the turbine blade. 
Inforaation lust also be obtained on the 
effect of variables sues as coolant 
viscosity, surface tension and passage 
diaeeter on tne watting of the passage 
pe..iphery under the influence of Coriolis 
forces and thair coabinad effect on flow 
and heat transfer. 

Heat transfer to supercritical water 
aust be investigated under the influence 
of high-g forces. Corralations are 
available for heat transfer to 
supercritical water in stationary tubas 
bat it is not known if these correlations 
will be valid in a high-g environaent. 

The probleaa of flow stability of 
near-critical fluids in rotating passages 
aust be explored ex per laentally for 
expected turbine operating conditions. 
There is no known analysis capable of 
aodeling all aspects of supercritical heat 
transfer in the static case let alone the 
rotating case. 

The closed loop tharaosyphon or the 
opao tharaoayphcn with passages connected 
together at the blade tip aet^a the aost 
practical aaoog tha various tharaosy phoos 
for turbine appiicitioas because it 
peraits the use of large passage 
leogth-to-dlaaeter-ratlus required to 
■iniaite streasea. Tha "aixed convection” 
analysis, where heat transfer and friction 
pressure drops are evaluated froa forced 
convection correlations for a free 
convection driven flow, needs to be 
verified by experiaent. Tha possibility 
of flow osciilatioa in tha closed loop 
systea and tha consaquanesa to heat 
transfer aust be investigated. 

Other areas related to liquid cooling 
where technology needs to be broadened 
include experiaental coafiraation of the 
expected influence of highly cooled walls 
on coabustlon gas strsas boundary laysr 
developssnt and heat transfer, k 


currently available two-disensional 
boundary layer prograa predicts early 
transition to turbulent flow and thus 
higher heat transfer for highly cooled 
walls. This affect could cause higher 
aetal teaperatures than expected if not 
accounted for in a design and should be 
investigated experiaentally . The clogging 
of saall cooling passages by deposits froa 
cooling water needs to be evaluated as 
well as eetbods of ainiaizing erosion of 
cooling passages and water recovery 
systeas. Long lifa seals to get coolant 
on and off rotating turbine wheels are 
needed. laproved aanuf acturing and 
con-destructive inspection techniques need 
to be developed that allow tha econosical 
production of blades, vanes and associated 
hardware that will be capaolf of 
containing coolant at the high pressures 
required for the long lifetlees of large 
industrial gas turbines. 


CONCLUDING REHARKS 


Although a njaber of liquid-cooled 
turbine deaon strator s have bean tested and 
soae basic and supportive liquid-cooling 
research has been conducted, existing 
technology is not adequate to design a 
liquid-cooled turbine with a high 
assurance of success or to optielze liquid 
cooling systeas for a givea turbine 
application. Conaiderahla basic and 
applied research on liquid cooling of gas 
turbines is still required. 


REFERENCES 


1. "Energy Conversion Alternatives 
Study (EGAS) - Susaary Report.” NASA 
TH-73871, 1977. 

2. B. V. Johason, A. J. Giraaonti, S. 
J. Lehaan, "Effect of Nater-Cooling 
Turbine Blades on Advanced Gas Turbine 
Power Systeas," ASBE pnper no. 77-GT-80 
presented at the ASHE Gas Turbine 
Conference and Products Show, 

Philadelphia, Bar. 1977. 

3. "Assessaent of a Hater-Cooled Gas 
Turbine Concept," Electric Power Research 
Institute Report 234-1, Pinal Report, 

1>75. 

4. H. Kottas, B. H. Sheflin, 
"Investigation of High-Tenperature 
Operation of Liquid-Cooled Gas 
Turbines I - Turbins Uhssl of Aluninua 
Alloy, a High Conductivity Nonstrstegic 
Hateriai,” NACa Rn E8D12, July 1948. 

5. E. R. Bartoo, I. C. Prsche, Paper 
prassntsd at the NACA Conference on 
Turbine Cooling, Leals Plight Propulsion 
Lsb., Cievslaad, Ohio, Nov. 1949, pp. 
104-126. 


Van Poaaan, Staphs 


6 


6. J. C. Kr«trli», k. J. Mavjuilla, 
"Haat Tran^tar anJ Oparatiaq 
Jharactarist ic-4 ot Aluainua Forcad 
Convaction and Stainlasa-Stwal, 

Nat urt I-(.'on«action ■atar-Coolad 

Sinql a-St ad^ Tucbioas," NIJk FI £50r03a, 

Juna 19^0. 

7. H. H. eliarorasu, "3oaa N»C» 
InaaHtxgations of Hat t * Tran star 3t CoolaJ 
;;a9-rucblna Bladas. ** Pr'«caadin-|a ot tha 
Caneral Discussion on Hast rranstac« 
Institution ot najntnictl £n>)inaars, 
London, 1951, Section V, pp. 410-4^0. 

d. 0. Aloait, h. t. dray, n. P. 

Draka, "Application of Intarnal Liquid 
woolinq to das-Turbina Rotors," Frans. 

ASd£ Vol . 7b, Auq. 195b, pp. W57-W6t. 

S. Alpart, "Pavalopaant ot I 500J 
Liquid Cooltfd Turbine," Solar Aircraft 
Co., Raport 856 Final Haport, 1V54. 

10. S. Alpart, P. E. Jray, 4. n. 
Flascttar, "Da*alopaant ot a Thraa-Jtaqe 
Li qui d-Coolod (las- Turbina, " Journal of 
Enqinaarinq tor Powai, Vol. B2, Jan 19b0, 
pp. 1-9. 

1 . r. H. kyld, 4. H. Day, "An ultra 
Hlqh Ttaparatura Turbina tor saiiaua 
Partoraanca and Fuals Flaxioility, " ASSE 
paper No. 75-iIT-81, presantad at the ASRF 
das Turbina and Produots Shoe, Houston, 
Har. 1975. 

1J. A. H. Paruii, "Uatai Coolad das 
Turbina Davalopaant , " Electric Poaar 
Rasaarch institute, EFRI AF-*’J1, Jan. 

1976. 

11. P. H. Rydl, "Httarinq of Liquid 
Coolant in Jpan-Circuit Liquid Coolad das 
Turbines," H.S. Patent No. t,bSP,43b, Apr. 
1972. 

14. J. noora, "Syitaa tor the 
Introduction of Cooiant Into Dpen-Circult 
Cooled Turbina Duokats, " U. S. Patant No. 
3,804,551, Apr. 1974. 

15. C. n. drondahl, J. II. Fskasan, 
"Llquid-Cool ad Turbina Bucket kith 
Dovetailed Attachaant," U.S. Patant No. 
3,856,4)3, Dec. 1974. 

16. A. H. Per»ui> "Hater Coolad das 
Turbina Davalopaent , " Electric Poaar 
Research Inatituta, EPRI-231, Jan. 1976. 

17. s. N. Suoiu, "Hiqh Taaperatura 
Turbina Daslqn Considerations," Paper No. 
15 prasaatad at the A3ARD conference on 
Hiqh Taaparatura Turbinas, Florence, Sep. 
(AdARD-CP-73-71.) 

18. J. denot, E. Ladrivas, "Transfert 

de Chaleur Par Chanqeaant de Phase et 
Centrifuqai Application au Ref roidisseeant 
de Allattes de Turbine," Heat Transfer 
1970: Papers; Fourth International Heat 

Transfer Cont., Versailles, Vol. 1 - 
Conduction and Heat Eichanqers, Aastardaa, 
Elaaviar Publishinq Co., 1970, Paper HE 
2 . 2 . 

19. B. Ladrivas, J. danot, 
"Retroidisaaaant Das lubes Da Turbinas Par 
Les Netaui Liquidas," Paper No. 27 
presented at the AJARD Conference on Hiqh 


Teaparature Turbina^, Florence, Sep. 

1971. (AdARD-CP-7J-71.) 

Translation a vailable-Royal Aircraft 
Estabiishaant, Library Translation No. 

1713, 1974. 

20. A. d. Saith, k. D. Pearson, "Tha 
Cooled das Turbina," Institution of 
Hechanical Fnqinears Procoedinqs, Vol. 

163, 1950, pp. 221-234. 

21. A. H. Robinson, "(iHChunrcal 
rerforaanca ot tha T. ) Hater-Cooled 
Turbine at neUiua Speei ani Lou 

Tea ra t ura , " National das Turbine 
Est abii a hsen" Heao No. 1.83, 1350. 

22. E. Rchaidt, "Heat Transaission by 
Natural Convection at Hiqh Centrifuqai 
Acceleration in uitwr Caolei das Turbin# 
Blades." Proceedioqs at the daneral 
Discussion on H<-at Traasfar, Institution 
of Beciianical Enqineers, London, 1951, 
Section IV, pp. 361 -Jt). 

23. J. C. Freche, "A Sunaary of 

Desiqn Inforaation tor H.atar-Cooled 
Turbines," NACA RB E51A0J, 1951. 

24. J. C. Freche,, E. F. Schua, 
"Deteraination of Hlade-to-Coolant Heat 
Transfer Coafticiants on a 
Forced-Convect ion. Hater Cooled, 
Sinqla-Staqe Tuibine," NACA PB ES1E18, 

195 1. 

2 5. A. N. Curren, C. F. Zalaoak, 
"Effect of Diuaeter of Closed-ond Coolant 
Passaqes on Naturul-Convoctlon Hater 
Coolinq of das Turbino dlades," NACA RB 
t55Jl8d, 1956. 

26. C. F. Zalabak, A. N. Curren, 
"Eftoct of Blale-Tip Crossover Passages on 
Natur al-Convect Ion Hater Coolinq of 
das-Turblne Blad-s. " NACA RB E55R;ia, 

195b. 

27. R. 1. :ahel, "Feasibility 
Deaoa St r at ion of a Snail Fluid-Coulad 
Turbine at 2370>» F," SAF Paper 696034 
presented tt the Internat iona L Autoaotive 
Congress, Detroit, Jan. 1969. 

28. R. B. dabal, A. J. Tabbey, 
"Advanceaant of Hlqh-Taaparatura Turbine 
Technology for Snail dts Turbine Engines 
Fluid-Cooled Axial Flov Turbina," 
Continental Aviation S Enqinearinq Corp., 
CAB-1094, 1969. 

29. E. T. Johnson," A Fluid-Cooled 

2300° F Entry Taaparatura Axial Flov 
Turbina," Paper No. 29 presented at the 
AdARD conference on Hiqh Teaperatura 
Turbines, 1971. (AdARD-CP-73-71.) 

10. J. P. Fdvards, "Liquid and Vapour 
Coolinq Systaas for das Turbinas," ARC 
National das Turbine Establ ishaant, 
CP-1127, 1970. 

31. B. J. doodyar, R. B. Haterston, 
"Bist-Coolad Turbinas." Paper prasantad at 
tha Heat and Fluil Flov in Staaa and das 
Turbine Plants, Conference, Coventry, 
England, April 1973. (IBE-CP-3, pp. 
166-174.) 

32. J. C. Fraoha, R. A. Be Finn on, 
"Eiper iaental Investiqstion of Several 
Hater- In )act ion Configurations for 


Van Foasen. Stapka 


^ QlALii'Y 


7urbii*»-Plade Spray Cooling in a Turbojet 
Engine," NiCA R!1 B53H06, 1953. 

33. J. C. Prashe, R. A. (icRinnon, 
"Investigation of Turbsjet Engine 
Perforeance at Speads ind uas leeperatures 
Above Rated Using Turtiaa-B lade Biternal 
Hater-Spray Cooling Froa Stationary 
Injection Irfices." NACA B1 E54SJ0, 1954. 

34. E. Burke, Q. A. Keaeny, "A Novel 
Cooling "'ethoJ for Gas Turbines," Trans. 
A3ME, Vol. 77, Feb. 1955, pp. 197-195. 

35. J. C. Freche, R. T. Hickel, 
"Turbojet Engine In vesti jat ion ot Effect 
of Theraal Shock Induced ty External 
Hater-Spray Cooling on Turbine Blades of 
Five High-Toaperature Alloys," NACA RB 
E55J17, 1955. 

3b. P. A. scRinnon, J. C. Freche, 

‘'Ex periaental I a vest iga t ion of External 
Hater-Spray Cooling in a Turbojet Engine 
lltilixing Several lujeotion Configurations 
Incluiing Oritrces ir. the Rotor-Blade 
Oases," NACA RH Io»K29a, 1955. 

37. H. Nay, "Investigation ot Forced 
Convection Liguid-Coole J Gas Turbine 
Blades," Journal ot Engineering foi Power, 
Vol. 87, 19b5, pp. 57-71. 

38. H. Nay, "Liguii Cooling of 
Gas-Turbine Blades with Forced 
Convection," Paper presented at AGAPD 
Conference Proceelings No. 9, Part 1, on 
Gas Turbines, 1S66, pp. 355-367. 

39. A. Stappenbeck, S. 

Noskowitz, : "Snail Axial Turbine Stage 
Cooling Investigation." Curtiss Bright 
Corp., CH-HR-O9-077F, 1971. 

40. G. J. Van Fossan, F. S. Stepka, 
"Review and Status ot L iguid-Cooling 
Technology for Gas Turbines," NASA 

PP- to be published 1978. 




Fig. 2 - Forced convection with tip ejection and collection 








(a) POSSIBl£ TURBirC COOLING CONFIGURATION 
Fig. 5- Closed loop thermosyphon system 
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(a) AIR/WATER HEAT EXCHANGER SYSTEM 
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(b) WATER SPRAY SYTEM 
Fig. 6 - Cooled cooling air configurations 
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